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Temperature and Thermal Emissivity of the Surface 
of Neptune's Satellite Triton 

Analysis of the preliminary results from the Voyager mission to the Neptune system 
has provided the scientific community with several methods by which the temperature 
of Neptune's satellite Triton may be determined. If the 37.5 K surface temperature 
reported by several Voyager investigations is correct, then the photometry reported by 
the imaging experiment on Voyager requires that Triton's surface have a remarkably 
low emissivity. Such a low emissivity is not required in order to explain the photometry 
from the photopolarimeter experiment on Voyager. A low emissivity would be 
inconsistent with Triton having a rough surface at the -100-pm scale as might be 
expected given the active renewal processes which appear to dominate Triton's surface. 

URFACE TEMPERATURE IS ONE OF 

several important factors that con- 
strain models of the physical and 

chemical processes occurring on an object in 
the solar system. For this reason, several 
Voyager experiments endeavored to mea- 
sure parameters from which the temperature 
of Triton could be determined. Triton's 
surface temmrature has been derived or 
inferred by at least five separate Voyager 
investigations. 

One technique is to develop a model 
atmospheric thermal profile andextrapolate 
it to Triton's surface. This method was 
employed by the investigators on the ultra- 
violet spectrometer (UVS) experiment (1). 
Their atmospheric model thermal profile, 
extrapolated to Triton's surface, was consist- 
ent with a surface pressure of 14 ybar. This 
is the e q ~ i l i b r i u n ~ v a ~ o r  pressure of nitro- 
gen, a proposed dominant atmospheric gas, 
at 37.5 K. Likewise, the atmospheric occul- 
tation experiment conducted by the radio 
science (RSS) team investigators is consistent 
with the equilibrium atmosphere pressure de- 
rived by UVS if a model is fit which assumes 
an inversion layer in Triton's atmosphere at 
a height of 5 km above the surface (2). 

A direct method of determining the tem- 
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perature of Triton's surface is to measure the 
thermal radiation emirted at infrared wave- 
lengths. The Voyager Infrared Interferome- 
ter Spectrometer and Radiometer (IRIS) 
measured the infrared radiation emitted 
from Triton's surface. The IRIS investiga- 
tors averaged 16 infrared spectra from Tri- 
ton's davside and their best fit to the data 
yielded a temperature of 38 K, assuming 
that Triton radiates like a blackbody (for 
which emissivity = 1.0). They estimated the 
error in their measurement by deriving the 
temperatures expected by adding an addi- 
tional 5% to the RMS residual of the fits. 
This is considered to be a conservative, 
subjective estimate of the 2 u errors (3) and 
yields a temperature of 382; K. They also fit 
a model to the IRIS data which assumed an 
emissivity of 0.5 which resulted in a tem- 
perature of 41'2 K. This result is somewhat 
higher but has a n  error large enough to be 
consistent with the UVS result (4). 

Photometric data have also been em- 
ployed for determining Triton's surface tem- 
perature ( 5 ) .  This requires calculation of 
Triton's bolometric Bond albedo (the ratio 
of the integrated energy flux over all wave- 
lengths from Triton in all directions to the 
solar insolation). Estimation of the bolo- 
metric Bond albedo permits derivation of an 
average temperature assuming thermal equi- 
librium. 
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To measure the bolometric Bond albedo Table 1. Bond albedo as a hnction of wavelength. 
of Triton. its brightness must be measured " 
at a wide range of solar phase angles so that uv v b g ir 

(0.25 pm) (0.41 pm) (0.48 pm) (0.56 pm) (0.75 pm) 
a phase curve can be derived. Such a set of 
measurements can only be made with a deep Smith et d l .  (6) 0.90 0.88 
space mission to the Neptune system, and ". (7) 0.79 0.83 0.87 

Nelson et al. (5) 
Voyager provided the first measurements of 

0.35 0.81 0.81 0.51 

Triton over a wide range of solar phase 
angle. 

The Voyager spacecraft carried three in- where @(a)  is the brightness at a phase al .  (6), Hillier et a l .  ( 7 ) ,  and Nelson et a l .  (5), 
struments which could measure the reflected angle u for radiation of wavelength A. The respectively. 
solar radiation from Triton's surface and Bond albedo is defined as Ah = phqh. The The implications of an extremely high 
produce a solar phase curve at discrete wave- bolometric Bond albedo is the Bond albedo bolometric Bond albedo are shown in Fig. 
lengths throughout the region of the maxi- integrated over all wavelengths. 1. The figure expresses the surface tempera- 
mum of the solar emission. These were the Nelson et a l .  (5) derived their v and g filter ture as a hnction of emissivity for a range of 
Photopolarimeter (PPS) experiment, the results from the same set of data that was bolometric Bond albedos (0.65 < A < 
Imaging system (ISS), and the radiometer used by Smith et a l .  (6) (Table 1). The 0.90). The temperature reported by the 
channel of the IRIS experiment. The wave- difference between the two results is only UVS investigation is shown as a horizontal 
length range accessible by the combined due to the difference in technique used by line at 37.5 K. The results of the IRIS 
data set from the PPS and ISS experiments the investigators to determine the geometric investigation for emissivities of 0.5 and 1.0 
samples the wavelength range between 0.25 albedo and the phase integral. Nelson et a l .  are shown as two points with vertical error 
and 0.75 pm, about 70% of the whole solar (5) used the same technique for both the bars. The Bond albedos reported by the ISS 
energy output, at discrete filter wavelengths. PPS and the ISS data. The significance is investigations are shown as broken lines and 
Preliminary phase curves have been pro- that the PPS reports a much lower Bond the bolometric Bond albedo reported by the 
duced from both experiments and these have albedo at wavelengths shorter than and PPS investigation is shown as a solid line. 
been presented in the literature. The radi- longer than the ISS results. This is not due The curves are calculated from the expres- 
ometer results are currently being analyzed to differences in the reduction techniques sion: 
by the IRIS team. but to differences in the actual brightness T~ = S ( l  - A ) / ( ~ E u )  

The ISS results have been presented in reported by the two instruments. This dif- (2) 

two studies. Smith et a l .  (6) published pre- ference serves as a measure of the true where T is temperature, S is the solar flux at 
liminary results for the imaging system vio- difference in absolute flux measured by two Triton, A is Triton's bolometric Bond albe- 
let (0.41 pm) and green (0.56 pm) filters. instruments which are independently cali- do, E is Triton's emissivity, and u is the 
Hillier et a l .  (7) reported a subsequent analy- brated, although variation of spectral ab- Stefan-Boltzman constant. 
sis of the violet and green ISS filters along sorption as a function of wavelength cannot Inspection of Fig. 1 indicates that the 
with the results for the ISS blue filter (0.48 be ruled out as the cause. bolometric Bond albedo reported by Smith 
km). The results of these efforts to determine et al .  (6) is not consistent with the IRIS 

The PPS team has produced phase curves the Bond albedo as a function of wavelength results even for an emissivity <0.5. The 
of Triton from the PPS ultraviolet (0.25 can, and have, been used to estimate the results of Smith et a l .  (6) are only consistent 
pm) and the infrared (0.75 pm) filters. bolometric Bond albedo for Triton. The with the 37.5 K basal surface temperature 
These results have been combined with an bolometric Bond albedos are 0.90, 0.86, reported by UVS if the emissivity ofTriton 
independent PPS team reanalysis of the and 0.65 for the investigations of Smith et is -0.35. Those of Hillier et a l .  (7) are 
same ISS violet and green filter data report- 
ed by Smith et a l .  (6). These results were 
presented by Nelson et a l .  (5). Fig. 1. Triton's surface tem- 

The phase curves presented in these analy- perature as a function of 
ses can be used to determine Triton's Bond emissivity for a range of bo- 

albedo by calculating the geometric albedo lometric 
(0.65 < A < 0.90). The sur- and phase integral at each filter bandpass. face temperature reported - 

The geometric albedo p i  of a solar system by ,he uvs team is shown 
Y 

object is defined as the brightness of the as a solid horimtal line at 50 - 

object when observed at 0 degrees phase 37.5 K. The I N S  results for 5 angle at wavelength A divided by the bright- ; 
40 ness of a perfectly diffusing disk at the same vertical error bars, The ISS 5 position (8). No Voyager observations were bolometric Bond albedos + 

made at 0 degrees phase and therefore the based on the data in Smith et ---_ - 
phase curves are extrapolated to 0 degrees (6) and ( 7 )  

are shown as broken lines. 
phase angle in order to make the determina- The bolometric Bond albe- 
tion (5 ) .  The phase integral of a solar system do reported by the voyager 20 I I I I I I I I I I 

object is a measure of the angular scattering Photopolarimeter (PPS) is 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 

properties of the surface at a specific wave- shown as a solid curve. The EMlSSlVlTY 

length. Following Russell (8), it is defined 
~ ~ a l ~ ~ ~ ~ ~ ~  g: 

as : 0.8 which are intended for use as a guide. The ISS results are only in agreement with Triton's 37.5 K ,, = 2 j-" @,(a).. temperature for emissivities that are lower than 0.5. The bolometric Bond albedo determined by PPS 
a=O 

( )  analysis is consistent with Triton behaving like a blackbody at 37.5 K. 
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consistent with the UVS and IRIS results 
only for emissivities of -0.5, whereas the 
results of Nelson et a l .  (5), with the com- 
bined PPS and ISS data sets, are consistent 
with Triton being a blackbody (emissivi- 
tp = 1). 

It is commonly assumed that the emissivi- 
ty of a material is related only to its spectral 
reflectance. At ultraviolet, visual, and near 
infrared wavelengths the spectral reflectance 
is determined by chemical composition. We 
note, however, that the wavelength of the 
peak of the thermal emission of a blackbody 
at Triton's 37.5 K surface temperature is 
-80 pm. Most of Triton's thermal emission 
is longer than that wavelength. We suggest 
that even at these long wavelengths, the 
texture of the surface plays an important role 
in determining the emissivity. 

The net heat flux from a surface depends 
on the emissivity of the surface material and 
the fourth power of the temperature. The 
apparent emissivity (and the brightness) of a 
surface are closely related to the geometric 
properties of the surface as well as the 
composition. It has long been recognized 
that the emissivity of a cavity radiator is 
essentially independent of the emissivity of 
the material from which the cavity is con- 
structed. If the frost on Triton's surface has 
the geometric properties of a cavity radiator 
(depth of cell >> opening of cell; that is, 
similar to a honeycomb) then the emissivity 
of the surface will approach unity, without a 
strong relationship to the reflectance prop- 
erties of the material from which the surface 
is composed. 

It is strongly believed from other Voyager 
investigations that much of Triton's surface 
is freshly deposited. For example, Hansen 
and colleagues (9) have presented convinc- 
ing evidence for rapid resurfacing of Triton 
as a result of currently active geyser-like 
processes. We would expect that the precip- 
itated deposits would be loosely compacted 
and not smooth, resembling the "fairy cas- 
tle" analogy often invoked in discussions of 
reflectance properties of candidate materials 
of planetary surfaces. This would be consist- 
ent with Triton having a rough surface at 
the >loo-pm scale. The thermal energy 
emitted from such a surface at a wavelength 
of - 100 pm would closely approximate the 
radiation emitted from a blackbody which is 
inconsistent with the low emissivity re- 
quired to explain the ISS data (10). 

In order for Triton's emissivity to be 
consistent with the ISS photometry, two 
conditions need to be satisfied. First, the 
spectral reflectance of the ices which domi- 
nate Triton's surface must be very high 
(emissivity is low) at wavelengths -80 pm 
and longer. Second, Triton's surface must be 
smooth at the -100-pm scale. 

An alternative explanation is that there 
may remain some uncertainties in the abso- 
lute calibration applied to the ISS results. If 
the ISS phase curves more closely approxi- 
mated the PPS phase curves, then Triton's 
surface could easily be approximated by a 
blackbody. 

REFERENCES AND NOTES 

1. A. L. Broadfoot, Scieilce 246, 1459 (1989). 
2. G. L. Tvler et a / . ,  ibid., p. 1466. 
3. J. C. Pearl, private communication. 
4. B. F. Conrath e t a / . ,  Science 246, 1454 (1989). 
5. R. M. Nelson et dl., Eos 71, 548 (1990); R. M. 

Nelson et a / . ,  Geophys .  Rex.  Lett . ,  in press. 
6. B. A. Smith et a / . ,  Science 246, 1422 (1989). 
7. J .  Hillier et a / . ,  Eos 71, 549 (1990). 
8. H. N. Russell, Astrophys.  J. 43, 173 (1916). 
9. C. Hansen, Eos 70, 1176 (1989). 

10. We gratefullv acknowledge the comments of an 

anonymous reviewer who notes, "Current estimates 
of the growth rate for a grain of N2 at -40 K vay 
considerably. If one does the calciliation of Zent et 
a / .  [Geophys .  Res .  Lett  16, 965 (1989)l correctly 
(that is, their B in Eq. 2 should come out to 775 K), 
a size of 0.5 cm is obtained over a period of 100 
Earth vears (comparable to a minor Triton season). 
On the other hand, R. L. Kirk (Lu t lar  Plar~et.  Sci .  
ConJ 21, 631 (1990)], using a different physical 
paradigm, gets a value of only 5 Km in 100 years. If 
Triton's surface is composed of grains say 0.01 to 
0.5 cm in size, it will probablv be porous enough at 
a scale of r 100 pm to have a high emissivity. If the 
surface is composed of 1 to 5 wm particles, the 
porosity of the surface at a scale of 100 km may be 
quite small, and the spectral reflectance properties of 
solid N1 in the far IR will determine the emissivity. 
. . . It may be that surfaces undergoing active subli- 
mation rather than deposition are actually the ones 
with high emissivity, if the sublimation occurs un- 
evenlv across the surface." 

11. This work was performed at Jet Propulsion Labora- 
toq' under contract with NASA. 

9 August 1990; accepted 20 September 1990 

Energy Sources for Triton's Geyser-Like Plumes 

Four geyser-like plumes were discovered near Triton's south pole in areas now in 
permanent sunlight. Because Triton's southern hemisphere is nearing a maximum 
summer solstice, insolation as a driver or a trigger for Triton's geyser-like plumes is an 
attractive hypothesis. Trapping of solar radiation in a translucent, low-conductivity 
surface layer (in a solid-state greenhouse), which is subsequently released in the form 
of latent heat of sublimation, could provide the required energy. Both the classical 
solid-state greenhouse consisting of exponentially absorbed insolation in a gray, 
translucent layer of solid nitrogen, and the ccsupery' greenhouse consisting of a 
relatively transparent solid-nitrogen layer over an opaque, absorbing layer are plausible 
candidates. Geothermal heat may also play a part if assisted by the added energy input 
of seasonal cycles of insolation. 

EVERAL HYPOTHESES REGARDING 

the energy sources of Triton's geyser- 
like plumes involve absorbed insola- 

tion or combinations of absorbed insolation 
and geothermal heat (1). Although it may 
seem unreasonable that a surface absorbing 
only 20% of the incident sunlight at 30 AU 
(1, 2) could manifest effects as dramatic as 
Triton's plumes, we will show that there are 
indeed ways to trap and store enough solar 
energy in Triton's surface such that it is 
quite conceivable that Triton's plumes are a 
direct result of the impending maximum 
summer solstice in Triton's southern hemi- 
sphere. We will not attempt to discuss the 
physical or thermophysical characteristics of 
the eruptions here, nor the mechanisms 
whereby fluids and gases are delivered to the 
volcanic vents; these subjects will be dis- 
cussed in separate papers in this issue by 
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Soderblom et a l .  (3) and Kirk et a l .  (4). 
It has been known for several years that 

Triton has frozen volatiles on its surface, the 
most spectrally dominant being methane 
and nitrogen (5-7). From ground-based ob- 
servations made in the 2.0- to 2.5-pm spec- 
tral region, Cruikshank et a l .  (7) concluded 
that molecular nitrogen must be present 
over most of Triton's visible surface in a 
layer at least 50 to 100 cm thick to explain 
the depth of a 2.15-pm absorption band in 
Triton's spectrum. Lunine and Stevenson 
( 8 )  correctly concluded that nitrogen on 
Triton was mostly solid rather than liquid as 
originally proposed by Cruikshank et a l .  (7). 
Voyager 2 found nitrogen to be the domi- 
nant constituent of Triton's atmosphere 
with trace amounts of methane also present 
(9 ) .  Triton's -15-pbar surface pressure (9, 
10) is consistent with the vapor pressure 
equilibrium of nitrogen gas over the solid at 
the 38 K global average temperature ob- 
served by the Voyager IRIS experiment 
(11). The basal atmospheric pressure on 
Triton is thus sufficient to buffer, via global 
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